High-density silicon nanopillar cathodes were fabricated using a self-assembling colloidal gold etch mask. Scanning tunneling microscopy experiments were performed to locate individual nanopillars and to investigate their field emission properties. Emission characteristics were obtained over a range of fixed separations from the nanopillar apex, allowing the empirical determination of the geometric field enhancement factors from the resulting Fowler-Nordheim plots. The geometric enhancement factors were found to increase dramatically for decreasing anode-cathode separation and the rate of increase is dependent on the nanopillar geometry. © 2001 American Institute of Physics. ͓DOI: 10.1063/1.1396821͔
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Research into cathodes for vacuum microelectronics and flat panel television displays is rapidly maturing. The standard microfabricated cathodes for these applications are molybdenum Spindt tips or oxidation sharpened silicon tips. However, in order to achieve low voltage operation much research is now being done on alternative materials such as low work function diamond films 1 and nanostructured materials, including carbon nanotubes 2 and silicon nanowires. One of the motivations for using nanostructures is the large geometric field enhancement factor they provide allowing for lower turn-on voltages. So far, most measurements of electron emission from nanostructured materials have been made from emitter areas, which contain an unknown and usually large, number of emitters. It is, therefore, impossible to measure the emission characteristics of individual nanostructures and hence to determine the true effect of the geometric enhancement factor of the structure. In experiments for investigating the electron emission from surfaces, scanning probe microscopy techniques have been utilized to probe the conductivity and to measure localized emission from materials such as diamond films. 4, 5 In other experiments, the standard scanning tunneling microscope ͑STM͒ work function measurement technique 6 has been modified to obtain micron-scale maps of the geometric enhancement factors of niobium surfaces. 7 However, at present measurements of emission from individual nanocathodes and the empirical determination of their geometric enhancement factor is lacking. Furthermore, for the future development of nanoscale field emission devices with anode-cathode separations Ͻ30 nm, 8 it is important to determine how the geometric enhancement factor is affected by such small separations.
In this letter, we report on the evaluation of the field emission characteristics of individual silicon nanopillars using a STM technique, which allows for the empirical determination of the geometric enhancement factors of individual nanopillars. The I -V characteristics of silicon nanopillars were obtained for a range of nanopillar to anode separations and compared with results from an adjacent plane Si surface to determine the geometric enhancement factor of the nanopillars. This factor was found to increase dramatically over the nanoscale range of separations and the rate of increase was found to depend on the nanopillar geometry.
Nanopillars were fabricated, using a colloidal gold etch mask, in silicon which was doped 10 19 cm Ϫ3 with phosphorous. In this process, the capping oxide was stripped with a wet etch so that only the native oxide layer remained on the silicon. Subsequently a monolayer of isolated, 30 nm diameter, colloidal gold particles was deposited on the substrate using an amino-silane adhesion agent. 9 The density of the colloids can be controlled to some extent by the time of deposition 10 and for this experiment the density was approximately 2ϫ10 13 colloids/m 2 . Optical lithography was then used in combination with an aqua regia ͑HCl:HNO 3 ϭ3:1͒ wet etch to remove the colloids from half the chip. 11 Next, a SiCl 4 based reactive ion etch was used to form Si nanopillars with nearly vertical sidewalls, 12 APPLIED PHYSICS LETTERS VOLUME 79, NUMBER 9 performed to remove the native oxide immediately before transferring the sample into the STM chamber, which has a base pressure of approximately 5ϫ10 Ϫ9 Torr. Images and current voltage (I -V) characteristics were obtained with a STM in constant current mode, using electrochemically etched tungsten tips. Figure 1͑b͒ shows a gray scale STM image of a nanopillar obtained in a constant current mode with an applied voltage of 3.0 V and current of 0.5 nA. The apparent diameter of the pillar in the image is greater than 30 nm, which is larger than the actual pillar diameter measured from the scanning electron microscopy ͑SEM͒ micrograph. The STM measures the height of the pillars to be only about 20 nm compared to the actual physical height of approximately 145 nm measured by SEM inspection. This is known to be a common difficulty when imaging high aspect ratio structures with STM 13, 14 because of the problems associated with the STM tip convolution with pillar shape and the inability of the STM tip to penetrate in between pillars. The separation between pillars for this sample ranges from approximately 100 nm to several hundred nanometers.
The procedure for obtaining the emission characteristics is as follows: first, an image of a pillar is obtained and the STM tip is centered above the pillar. Then, the tip is withdrawn from the pillar and the feedback is disconnected so that I -V characteristics can be obtained at fixed locations. The STM tip is then advanced in 2.5 nm steps and at each location an average of 16 I -V sweeps is recorded. For the measurements, the potential applied to the substrate was swept from 0 to-10 V with the STM tip grounded. The distance between the pillar and STM tip is determined by contacting the STM tip to the pillar at the final stage of the experiments. When I -V measurements were taken without contacting the pillar, it was possible to reobtain an image of the nanopillar afterwards. However, after contact, images of the same pillar were difficult to reobtain. Figure 2 displays a typical set of emission characteristics from an individual silicon nanopillar with a colloidal gold top. Figure 2 shows that, as expected, the turn-on voltage for the nanopillar decreases as the anode ͑STM tip͒-cathode ͑nanopillar͒ separation decreases. Measurements were also made at various distances from the flat region of the chip without nanopillars. The I -V sweeps from the flat region only show turn on for less than 10 V when the STM tip is less than 5 nm from the surface. Field emission characteristics were obtainable at under 10 V for separations greater than 20 nm, which corresponds to greater than 165 nm from the nanopillar base. This is clear evidence of emission due to the presence of the nanopillar rather than from the normal substrate surface.
In standard Fowler-Nordheim ͑F-N͒ theory, the emission current is a function of the work function ͑͒, voltage (V), voltage conversion factor ͑␤͒, and emission area ͑␣͒ and is given by 15 7 . The voltage conversion factor ␤ is the proportionality factor between the applied voltage and the electric field (E) at the cathode apex, Eϭ␤V. ␤ can be split into two components, ␤ϭg/d, so as to separate the geometric enhancement factor (g) from the anode-cathode separation (d). For a flat anode and cathode, the geometric enhancement factor is one and the density of the equipotential surfaces is constant between the anode and cathode. The geometric enhancement factor arises from the compression of the equipotential surfaces around a protrusion on the cathode that leads to the maximum electric field being at the apex of the protrusion.
IϭaV
From our experiments, we determine the geometric enhancement factor by extracting the voltage conversion factors from the F-N plots of the data. A manipulation of Eq. ͑1͒ yields ln(I/V 2 )ϭϪb(1/V)ϩln(a). Thus, assuming the work function of the colloidal gold is 4.8 eV, we can calculate the voltage conversion factors from the slopes of the linear fits to the F-N plots for every separation. Since the separation between the nanopillar base and the STM tip is measured, we can then estimate the geometric enhancement factor of the nanopillars by multiplying ␤ by the separation. Figure 3 displays the F-N plots for the I -V characteristics at different separations. As the separation between the anode and nanopillar decreases, the slope of the F-N plots decreases. This general trend is expected because the slope is inversely proportional to the voltage conversion factor, which increases with decreasing anode-cathode separation. However, contrary to the usual models assuming that g is independent of the separation, the values of g we extract from the plot are strongly dependent on d. This is illustrated in Fig. 4 which displays a log plot of the extracted values of g vs d, where d is the separation from the pillar base to the STM tip. The plot contains three sets of data obtained from nanopillars on the same sample, showing that while the values might vary slightly the trend is reproducible.
The values of the geometric enhancement factor range from approximately 150 for the largest separations to greater than a thousand for the smallest separations. Data from a second sample with nanopillars approximately 110 nm tall and Ͻ30 nm in diameter are also plotted. The lower aspect ratio pillar does not achieve as high a value of enhancement factors, but g still displays a strong dependence on d. For comparison, enhancement factors from the flat region of the sample were also measured, and were determined to be only approximately 10, and independent of d. This means that the large geometric enhancement factors shown in Fig. 4 can be directly attributed to the nanopillars, and are not due to the STM tip.
A standard estimation of the geometric enhancement factor is based on the rounded whisker model, 16 which assumes a cylinder with a hemispherical top protruding from a flat plane, where the separation d is defined as the distance from the base of the cylinder to the anode. The geometric enhancement factor at the pillar apex is gϭh/rϩ3, where h and r are the height and radius of the nanopillar, respectively. Using this model, the enhancement factor for a 145 nm tall nanopillar is approximately 15. The experimental values of g for the largest separations are almost an order of magnitude greater than this value, and continue to deviate from the model for decreasing separations. Clearly, a more detailed model is needed to explain the geometric enhancement factor for nanometer scale pillars.
To account for the separation dependence, we have performed a calculation of the electric field between the pillar and a flat anode using a three-dimensional finite element model. The geometric enhancement factors (g) are subsequently obtained by gϭEd/V, where E is the electric field at the pillar apex, d is the distance from the nanopillar base to the anode, and V is the applied voltage. The geometric enhancement factors calculated using this model for 30 nm diameter and 145 nm tall pillars with hemispherical tops are shown as a dashed line in Fig. 4 . For large separations, the geometric enhancement factor remains approximately constant at about 10, but below 185 nm separations (d) when the anode to nanopillar apex distance is Ͻ40 nm, there is a sharp increase to a value greater than 60.
Qualitatively then, the finite element method accounts for the strong separation dependence in g observed in our experiments, however, the calculated geometric enhancement factors are still far lower than the experimentally determined values. One possible explanation for this quantitative difference is the existence of small protrusions on the surface of the nanopillar, which can form through the surface roughening and material redeposition of the dry etching process. We can approximate the influence of this effect by multiplying the geometric enhancement factor of the cathode by the aspect ratio of the nanoprotrusion. 17 If the aspect ratio of the protrusions is greater than 10, they could further increase the geometric enhancement by an order of magnitude, which gives better agreement with our experimental results. Further measurements of pillars with a variety of different surface conditions are needed to test this hypothesis.
In conclusion, we have characterized electron emission from individual silicon nanopillar cathodes using a STM tip as an anode to obtain I -V characteristics over a range of decreasing anode-cathode separations. We have found that for the nanoscale separations in these experiments, the geometric enhancement factor is strongly dependent on the separation. The electric field at the nanocathodes apex increases much faster than calculated from standard assumptions and the rate of increase depends on the cathode geometry.
